In this paper, a coupled thermal-fluid-structure numerical model is presented to investigate interactive effects of airflow, high power laser and metallic target. The numerical model is validated by experiments recently carried out by Lawrence Livermore National Laboratory. The numerical simulation also verified some experimental observations, which show that the convective heat transfer effects of airflow and the aerodynamic pressure play important roles to the damage behavior of laser irradiated target. The convective heat transfer of airflow reduces the temperature of laser irradiated area therefore delays the time reaching damage. When a thin-walled metallic panel is heated up to a high temperature below the melting point, it is softened and the strength nearly vanishes, the aerodynamic pressure becomes a dominant factor that controls the damage pattern even when it is in a low magnitude. The effects of airflow velocity and laser power on the damage behavior of irradiated metallic target are investigated with the aid of the coupled thermalfluid-structure numerical model, where critical irradiation times to reach the yield failure yield t and melting failure melt t are the main concern. Results show that, when the incidence laser power increases from 500 W/cm 2 to 5000 W/cm 2 , significant drop in failure times are found as the incidence laser power increases. When the Mach number of airflow increases from 1.2 to 4.0 at a given incident laser power, a critical airflow velocity is found for the irradiation time to reach the yield strength and melting point, i.e., the maximum irradiation time to reach failure is found at the Mach 1.8~2.0. The competition of aerodynamic heating before the laser is switch on and airflow cooling after the target is heated up accounts for effects.
INTRODUCTION
Questions on how does the supersonic airflow influence the thermal-mechanical response of a target irradiated by high-power laser are raised not only from academic interests but also from practical interests [1] [2] [3] [4] [5] . To evaluate the damage mechanisms of a high power laser to a flying target, and the interactive behavior of airflow, high power laser and metallic target, reliable coupled thermal-fluid-structure numerical model should be presented. With the aid of numerical methodology proposed in this paper, the experiment recently carried out by Lawrence Livermore National Laboratory [3, 4] is modeled, where the damage behavior of a painted aluminum sheet subjected to high-speed airflow and irradiated by high power laser is investigated. Then the influence of airflow velocity and laser power to the damage behavior is investigated by using a simplified model represents a supersonic missile target irradiated by high power laser.
COUPLED THERMAL-FLUID-STRUCTURE MODELLING
As it is a very complex work to investigate interactive effects of airflow and high power laser, we simplify the input laser energy as a fixed heat flux, and focus on the interactive effects of airflow and metallic target. The target response and the airflow response are modeled and computed sequentially in different numerical codes, i.e., the structural response is modeled with FEA, and the supersonic airflow is modeled with CFD. The instantaneous data of each iteration during one sub time step is exchanged via the FSI (Fluid-Solid Interface): the heat flux and aerodynamic pressure obtained from the CFD code are transferred through FSI to the FEA code, and boundary conditions of FEA model are subsequentially updated; the temperature and deformation obtained from the FEA code are transferred through FSI to the CFD code, and boundary conditions of CFD model are updated. The staggered iteration continues till the convergence is reached, then moves to the next time step. The whole computational process of the coupled field problem is illustrated by the flowchart given in Fig.1 
MODELING THIN ALUMINUM SHEET TARGET
According to Ref [3, 4] , the solid-state laser produces approximately 25 kW of average power at a wavelength of 1053 nm. The target is a 13 cm×13 cm×0.18 cm thin aluminum sheet, and was black painted on the laser irradiated side. The laser spot size was approximately 9.1 cm×8.8 cm square, the air flow speed was about 100 m/s, or about Mach 0.3. Experimental observation indicates that metal pieces begin to break off after irradiated for 0.8s, at a temperature well below the melting temperature melt T , which is about 660℃. The failure process is shown in Fig.2 . Fig.2 . Failure process of a laser irradiated coupon with airflow [3, 4] A coupled thermal-fluid-structure numerical model was built according to the method given in Section 2. The comparison of numerical results and experimental results for the temperature history of tracked point is shown in Fig. 3 The deformation behaviors of models with and without airflow are shown in Fig. 4 . The mechanical boundary conditions are fixed on the 4 sides of aluminum sheet and we assume no coupon break off happens. Results indicate that the maximum deformation of the numerical model with airflow was about 4 times larger than that of without airflow. This can be explained in the following way. According to Bernoulli's law, the wind stream across the coupon produces pressure difference, which is extracted from the numerical model in Fig.5 . The maximum pressure difference is only about thousands of Pascal, since the flow rate is relatively low. When the metallic panel is heated up to a high temperature below the melting point, it is softened and the strength nearly vanishes, therefore the aerodynamic pressure difference plays an important role to the damage behavior even though it is in a low magnitude. 
MODELING SUPERSONIC MISSILE TARGET
Effects of airflow velocity and laser power on the damage behavior of irradiated supersonic missile target are investigated with the aid of the coupled thermal-fluid-structure numerical model. The supersonic missile subject to laser irradiation is simplified as the model shown in Fig.6 . The target material is LC4 aluminum alloy, and the spatial distribution of laser energy is simplified as input heat flux σ , which is defined as yield t , and irradiation time to reach the melting point melt T , which is defined as melt t .
Significant drop in failure times are found as the incidence laser power increases, which is illustrated in Fig.7 , which means at this Mach number the material yielding and melting is the most difficult to happen upon laser irradiation. This interesting phenomenon attributes to the competition of aerodynamic heating and aerodynamic cooling. 
Where t 1 =3s, q(t) ＜0 means airflow heating, whereas q(t) ＞ 0 means airflow cooling. When the incidence laser power is constant, the temperature of the spot centre (where the temperature is the highest) is directly related to Q netloss . As illustrated in Fig.10 , the plot of Mach number vs. net heat loss Q netloss finds the similar tendency of the plot of Mach number vs. time to reach T melt . In addition, according to 
CONCLUSIONS
The influence of high-speed airflow to the failure behavior of high power laser irradiated metal target is investigated with the experimentally validated coupled thermal-fluid-structure model. The study indicates that the convective heat transfer effects of airflow and the aerodynamic pressure play important roles to the damage behavior laser irradiated target. The aerodynamic pressure may cause break-off failure well below the temperature of melt point, in a failure mode quite different from that of without airflow. For supersonic missile target, significant drop in failure times to reach yield σ and melt T are found as the incidence laser power increases. An interesting finding is that irradiation times to reach yield σ and melt T increase at the first period and then decreases as the Mach number increases, which means there is a critical Mach number at which the material yielding and melting are most difficult to happen.
